Sex-related differences in reproductive effort can lead to differences in vegetative growth and stress tolerance. However, do all dioecious plants show sex-related differences in stress tolerance? To what extent can the environmental context and modularity mask sex-related differences in stress tolerance? Finally, to what extent can physiological measurements help us understand secondary sexual dimorphism? This opinion paper aims to answer these three basic questions with special emphasis on developments in research in this area over the last decade. Compelling evidence indicates that dimorphic species do not always show differences in stress tolerance between sexes; and when sex-related differences do occur, they seem to be highly species-specific, with greater stress tolerance in females than males in some species, and the opposite in others. The causes of such sex-related species-specific differences are still poorly understood, and more physiological studies and diversity of plant species that allow comparative analyses are needed. Furthermore, studies performed thus far demonstrate that the expression of dioecy can lead to sex-related differences in physiological traits-from leaf gas exchange to gene expression-but the biological significance of modularity and sectoriality governing such differences has been poorly investigated. Future studies that consider the importance of modularity and sectoriality are essential for unravelling the mechanisms underlying stress adaptation in male and female plants growing in their natural habitat.
Introduction
Sex determination systems in plants have evolved many times from hermaphroditic ancestors and sex chromosome systems have arisen several times in flowering plant evolution (reviewed in Charlesworth, 2002) . Silene latifolia plants are one of the best examples of studied dioecious plant species at the molecular level. As in humans, S. latifolia are also either male (XY) or female (XX), with the Y chromosome being smaller, with fewer genes expressed, than the X chromosome. Previous studies have shown dosage compensation effects in gene expression, so that male S. latifolia expression of X-linked genes is about 70% of the expression in females. Since male expression is not 100% that of females, it has been suggested that this species and its dosage compensation system is still evolving (Meadows, 2012) .
Dioecious plants present dimorphism between females and males, not only referring to their sexual features (reproductive organs), but also to a wide range of vegetative traits, an aspect known as secondary sexual dimorphism. Sex-related differences in vegetative traits may be related to differences in reproductive costs between males and females. Since females produce not only flowers but also seeds and fruits, it has been generally assumed that females allocate more resources to reproduction than males. Indeed, females present a higher reproductive effort than males in several study cases (Leigh and Nicotra, 2003; Pickering and Arthur, 2003; . These studies postulate that maintenance of vegetative growth and investment in defence responses limit reproductive vigour. If resources are limited, reproduction competes directly with the other two processes, so that an increase in the energy allocated to one results in a decrease in the energy allocated to the other(s). Thereby, a higher investment in reproduction may be detrimental to plant performance under natural conditions, thus leading to reduced stress tolerance. On the other hand, it has also been shown that vegetative growth influences sex expression in dioecious plants. For instance, the probability for an individual to be female increases with size in Arisaema triphyllum (Vitt et al., 2003) . Furthermore, it should be noted that conclusions on previous studies about sex-specific costs of reproduction depend also on the currency as different limiting resources may be relevant for males or females, e.g. carbon vs nitrogen (see Obeso, 2002) .
Despite higher reproductive costs in females over males seeming to be the more widespread rule, other studies have shown the opposite (Delph et al., 2005 , Leigh et al., 2006 . Furthermore, sex-related differences in the costs of reproduction may also be linked to the timing of resource allocation to reproduction. For example, males from several plant species present higher costs of reproduction than females during flowering due to the great investment in flowers and pollen, but the final reproductive effort is higher in females due to the production of fruits in the latter (Rocheleau and Houle, 2001; Zunzunegui et al., 2006; Sánchez-Vilas and Pannell, 2011) .
A higher reproductive effort in females compared with males has been associated with relatively lower rates of vegetative growth (Zunzunegui et al., 2006) , less conservative water use (Dawson et al., 2004) , and higher negative effects in plant performance under stress conditions (Dudley, 2006; Xu et al., 2008a Xu et al., , 2008b Rozas et al., 2009) in the former; and even to spatial segregation of sexes (Bierzychudek and Eckhart, 1988) . Interestingly, however, despite all this evidence, other studies have reported no difference between sexes or even improved performance in females compared with males (Ward et al., 2002; Ueno and Seiwa, 2003) .
Furthermore, with very few exceptions (which will be discussed here in detail), there is little information about the possible physiological mechanisms underlying sex-related differences in stress tolerance. In this opinion paper we will highlight the need for physiological studies of sexual dimorphism in dioecious plants that integrate our knowledge from the ecology to the molecular biology of a given species, especially under stress conditions (both biotic and abiotic) in plants growing in their natural habitat. Here we discuss research conducted during the last decade to exemplify the need for physiological studies if we aim to improve our understanding of the biology of dimorphic species.
Sex-related differences in plant resistance to abiotic stress A dimorphic investment in reproduction may be reflected into different physiological responses to abiotic stress, exhibiting sexual differences. It is generally accepted that due to a greater reproductive effort, female plants will perform worse than males under stress. However, except in a few plant species, it is difficult to find in the literature strong evidence in which females present higher clear negative effects under stress compared with males in a sufficiently wide diversity of species. A collection of studies performed during the last decade that focused on physiological parameters under stress is shown in Table 1 .
Drought tolerance is one of the most studied abiotic stresses in dimorphic plant species. Overall, females present more sensitivity than males under drought conditions, which is associated with a less conservative strategy in their water use in the former (Leigh and Nicotra, 2003; Rozas et al., 2009) . In addition, female plants subjected to water stress tend to present lower photosynthetic capacity compared with males (Dawson et al., 2004; Chen et al., 2010; Zhang et al., 2010a Zhang et al., , 2012 . Dudley and Galen (2007) observed a greater water stress in females compared with males of alpine willow, Salix glauca, as indicated by a more reduced leaf water status under dry conditions. A study conducted in mastic trees (Pistacia lentiscus) observed that males exhibit higher rates of photosynthesis and stomatal conductance than females (Correia and Diaz-Barradas, 2000) . Sex-related differences are most apparent when plants are subjected to stress. Such is the case of the dioecious semi-arid shrub, Maireana pyramidata, in which the physiological differences between sexes disappear when plants were well watered . Thus, secondary sexual dismorphism on physiological traits appears to strongly depend on the plant species and the environmental conditions. This issue becomes crucial in certain conditions. For example, it has been shown that the combination of different stresses could produce physiological differences between sexes that are not observed when the stresses are studied separately (Chen et al., 2010; Zhao et al., 2012; Li et al., 2013) . These studies highlight the importance of taking into account the influence of the climate and particularly the intensity and duration of stress in the study of sexual dimorphism in plants.
In other cases, the differences between sexes are simply inexistent. For example, some studies described the effect of changes in precipitation on riparian ecosystems between males and females of Acer negundo (Ward et al., 2002) , observing that during dry years, male and female trees did not exhibit significant differences in growth or other physiological parameters. In the case of other woody perennial species (Populus angustifolia) in streamside zones of southern Alberta, in which the availability of groundwater and soil water typically declines between May and September, no significant differences were observed between sexes in photosynthetic gas exchange, leaf reflectance, or chlorophyll fluorescence (Letts et al., 2008) .
However, in some cases female plants achieve better tolerance than males under adverse conditions. In contrast to what was expected, females showed a more conservative strategy in water use (Retuerto et al., 2000) , or higher photosynthetic rates (Álvarez-Cansino et al., 2010a) than males. Under stressful conditions females present less photodamage than males in Corema album across a climatic gradient (Álvarez-Cansino et al., 2012) . At another scale, survival and fecundity were higher in females than in males of Borderea pyrenaica, a small geophyte relict of the Tertiary that grows in isolated populations in Central Pyrenees (García et al., 2011) . In this species, increased investment in reproduction in females did not reduce stress tolerance; indeed females were most resistant to desiccation compared with males (Morales et al., 2013) .
However, sabbaticals (years without reproduction) were only taken by females, and males generally produced larger tubers (Oñate et al., 2012) . This occurs in the perennial herb with the longest lifespan described to date (350 years, M. Oñate, personal communication), in which survival strategies differ between sexes: males invest more in the perennial organ while females invest more in reproduction (including a sabbatical from time to time, [Oñate et al., 2012] ). Furthermore, females appear to present a greater ability than males to mitigate the negative effects of the cost of reproduction through compensatory mechanisms (Obeso, 2002) . This suggests that females cope with stress through different mechanisms compared with males, but not necessarily with worse consequences. Actually, greater photosynthetic rate has been described in females submitted to certain environmental conditions, such as drought, as a possible mechanism to compensate their higher reproductive investment (Dawson et al., 2004; Rakocevik et al., 2009; Álvarez-Cansino et al., 2010a) . It has also been demonstrated that females can present a higher investment in the formation of symbiosis through mycorrhyzal fungi as a mechanism to increase their uptake of soil nutrients (Vega-Frutis et al., 2013) . This physiological aspect is of tremendous importance since compensatory mechanisms can mask true negative effects of sex-related effects in reproductive costs. This is undoubtedly one of the most important avenues for future research in the study of the physiology of dimorphic species and very complete studies are needed to fully understand such complex physiological responses.
Furthermore, males and females of dioecious plants often present differences in flowering and fruiting periods. These differences in phenology have been described as a compensatory mechanism for females to save energy for fruiting (Milla et al., 2006; Zunzunegui et al., 2006) . This strategy consists of preventing that vegetative and reproductive growth occurs simultaneously in order to alleviate the effects caused by a higher investment in reproduction. Sánchez-Vilas et al. (2012) reported that the timing of investment in reproductive allocation could be decisive to detect differences between males and females in terms of reproductive effort. Thus, the gender with the higher costs of reproduction during the experimental period would be expected to show greater physiological stress (Álvarez-Cansino et al., 2010b) . Therefore, knowledge about phenological phases within each species is crucial to reveal the causes of sex-related differences in physiological performance under stress.
Considering the approaches used in studies aimed at understanding gender-specific responses to environmental constraints, physiological parameters are rarely measured in most studies, apart from gas exchange and water status. Furthermore, most comparisons of performance between males and females have focused on short-term physiological measurements rather than long-term analyses. Short-term studies can be misleading because correlations of fitness and growth to physiological traits vary widely not only across species, but also environments and life stages (Fig. 1) . Moreover, some of the studies were not performed on plants growing in their natural habitat, but in greenhouses; and in many instances, saplings obtained from greenhouse cuttings were used. This has important implications for the interpretation of the results.
In a series of experiments, it was found that saplings obtained from cuttings of female Populus yunnanensis or P. cathayana plants were less resistant to several abiotic stressors (including drought, salinity, extreme temperatures, UV-B radiation, and excess manganese, copper or zinc) than those obtained from male plants (Xu et al., 2008a (Xu et al., , 2008b (Xu et al., , 2010 Chen et al., 2010 Chen et al., , 2011 Chen et al., , 2013a Chen et al., , 2013b Chen et al., , 2013c Zhang et al., 2010a Zhang et al., , 2010b Zhang et al., , 2012 Peng et al., 2012; Jiang et al., 2012 Jiang et al., , 2013 . These studies describe the sex-specific response in saplings supported with a wide range of physiological parameters related to defence. The authors concluded that females are more susceptible to abiotic stress than males, which could be linked to the fact that females of these two poplar species are extremely rare in their natural habitats. Interestingly, apart from the higher abiotic stress tolerance of females compared with males in poplars, taken together these studies also show that sex-related differences can be observed in saplings obtained from cuttings and grown in the greenhouse when sex is not expressed. Therefore, the gender of the maternal plant (from which cuttings are obtained) determines the later reaction of vegetative meristems and shoots to abiotic stressors. Sex-specific epigenetic changes in meristems could explain such sex-related differences in saplings obtained from cuttings; an aspect that warrants future research. Sex-related differences in plant resistance to biotic stress It has long been known that female animals are generally more immunocompetent than male animals (Folstad and Karter, 1992; Poulin, 1996; Nunn et al., 2009 ). This result fits Bateman's principle that males maximize fitness through increased mating whereas females do so through increased investment in their offspring, a process often requiring greater individual longevity, as occurs in humans (Bateman, 1948) . Hence, female animals need to invest more in defence, and we expect them to have both more effective resistance and lower pathogen loads. Does something similar happen in plants? Plants do not require greater individual longevity to invest more in their offspring, since the offspring (embryos within seeds) are simply dispersed once produced. Thus no large differences, if any, are expected to occur in biotic stress resistance between male and female dioecious plants.
Data available thus far are insufficient to establish generalizations about whether male and female dioecious plants show differential biotic stress resistance. Studies illustrating sex-related differences in biotic stress tolerance in dioecious plants over the last decade are shown in Table 2 , with an emphasis on those using physiological measurements. In some cases, male plants are more likely than females to be preferentially attacked by herbivores (Ashman, 2002) . In contrast, found that leaves of male Rhamnus alpinus plants exhibited a higher concentration of defence-related compounds (anthraquinones) than those of female plants, therefore suggesting an increased resistance to biotic stress in males. The authors related this male-biased increase in defences to a slower increase in biomass, which, under the experimental conditions tested in the mountains of the Cantabrian Range (NW Spain), would allow them to allocate more resources to defence. Retuerto et al. (2006) reported a greater photosynthetic performance in male plants of Ilex aquifolium subjected to an herbivory attack by larvae of the lepidopteran Cacoecimorpha pronubana in natural conditions. On another scale, Hemborg and Bond (2006) found that female Marula trees (Sclerocarya birrea ssp. caffra) generally suffer more injury from browsing elephants in the Hluhluwe-Umfolozi Park in South Africa than male trees do. This sexual dimorphism was observed because of the high browsing pressure and elephant density, despite a previous study (Gadd, 2002) reporting that no difference in elephant damage was observed between fruiting (female) and non-fruiting (male) trees. Furthermore, a meta-analysis of herbivory and dioecy (Cornelissen and Stilling, 2005) showed that male plants suffer more damage from herbivory than females do; a pattern that, nonetheless, could not be confirmed in more recent studies (Fritz et al., 2003; Retuerto et al., 2006; Uribe-Mú and Quesada, 2006; Inbar and Kark, 2007; Mooney et al., 2012; Buckley and Avila-Sakar, 2013) .
Apart from direct herbivory resistance, there are other examples in which sex-related differences in indirect defences have been examined. For instance, in a recent study performed in Valeriana edulis exposed to natural and experimentally imposed caterpillar herbivory, Mooney et al. (2012) found no sexual dimorphism in constitutive direct plant resistance, yet the sexes differed in constitutive indirect resistance; with 78% and 117% more natural enemies and ants, respectively, present on females than males.
Also of interest to better understand biotic stress resistance in dioecious plants are studies of cuttings. Zhang et al. (2009) found that cuttings obtained from male P. cathayana plants infected with Melampsora larici-populina (causing rust disease) suffered from lower rates of infection and less severe effects than females did. It should be noted that just as with the abiotic stress resistance mentioned above, maternal plants from which cuttings are obtained may already show sex-differential biotic stress resistance that is conserved in the cuttings (implying that it is transmitted through the vascular tissue and kept in meristems). Apart from epigenetic changes that affect meristem physiology, sex-related differences in hormones may account for the sex-related differences in biotic stress resistance. Salicylic acid is an excellent candidate for such a defensive role; it has been shown to be important in signalling the activation of various plant defence responses following pathogen attack. Those responses include the induction of local and systemic disease resistance, the potentiation of host cell death and the containment of pathogen spread. The mechanisms through which salicylic acid mediates these effects are varied and can involve alterations in the activity or synthesis of certain enzymes, increased defence gene expression, potentiation of different defence responses and the generation of free radicals (Dempsey et al., 1999) .
Interestingly, trade-offs have been documented within plant defence systems. For instance, concentrations of jasmonic acid, used to defend against herbivores, are frequently inversely proportional to levels of salicylic acid, which is used to defend against pathogens (Felton and Korth, 2000) . It is therefore possible that herbivore activity is positively correlated with fungal damage. Similarly, defence against abiotic stressors may compete, or in some cases act synergistically, with defence against herbivores and pathogens, thus inducing complex trade-offs between vegetative growth, biotic/abiotic stress resistance and reproductive output. Unfortunately, we are still a long way from discovering the influence of sex on such trade-offs in a sufficiently large number of species to draw general conclusions, particularly on how dioecy affects their interdependence.
Modularity, sectoriality, and the importance of scaling up
The concept of modularity (or modular growth) is essential to understand the physiology of plants and should be carefully considered in studies of plant dimorphism. Repetition of an architectural model, a process known as reiteration, leads to a colonial structure characteristic of the crowns of many mature trees, which is derived from a specific genetically based plan of development and in turn results from the expression of the opportunistic plant responses to environmental variations in resource availability (Halle, 1986) . Modularity enhances fitness by providing totipotent growth points that effect repair after damage and ensure the longterm maintenance of genotypes, while also generating multiple reproductive organs, and allowing a division of labour between reproductive and multiplication units (Callaghan et al., 1986; Hardwick, 1986 , Harper et al., 1986 . Some authors have argued that individual plants are simply a medium of integration for modules and that the modules are the true units of selection in plants (Tuomi and Vuorisalo, 1989) . Modularity allows us to estimate plant growth accurately using systems that consider the importance of the seasonality of growth and reproductive effort (Maillette, 1992) . This has led to the more recent development of functionalstructural plant models (FSPMs) that explore and integrate relationships between plant structure and the processes that underlie growth and development. In recent years, the range of topics being addressed by scientists interested in FSPMs has expanded greatly. FSPM techniques are now being used to simulate growth and development dynamically, from that occurring at the microscopic scale, involving cell division in plant meristems, to that at the macroscopic scales of whole plants and plant communities (DeJong et al., 2011) .
The great majority of sexual dimorphism studies analyse resource allocation in reproduction at the whole-plant level. However, it has been described that investment in reproduction presents a hierarchical process, in which each module of a plant exhibits its own adjustment and specialization (Obeso, 2004) . The consideration of a modular structure in plants for the study of sexual dimorphism could significantly modify the results and perspectives formed previously. Effects of the costs of reproduction or performance in certain processes at the branch level could be masked when the whole plant is considered (Matsuyama and Sakimoto, 2008) . For instance, evidences of sex-related costs of reproduction could be found at a plant and population level, but not at the shoot or branch level in R. alpinus . The annual ring growth of females differed significantly from that of males in periods of low annual precipitation, and populations containing older individuals exhibited male-biased sex ratios, which might be due to higher mortality rates among females due to the cumulative effects of reproductive costs.
Since dioecious plants present hierarchical organization and allocation to reproduction is affected by modularity, it could be inferred that under certain stress conditions modules might perform in different ways. Obeso (2004) hypothesized that branches within a plant could be autonomous for certain processes but exist an interconnection between vegetative branches that serves as a sink of carbohydrates for reproductive branches, which need a great amount of resource investment for flowering and fruit production. Due to the difficulty that implies the assessment of reproductive effort at several hierarchical levels in modular organisms, and the consideration about the existence of a specialization between reproductive and vegetative branches, seldom studies have been done.
Dioecious plants may not only present sexual dimorphism in aboveground organs, but also in roots, which play a key role in reproductive allocation (Álvarez-Cansino et al., 2010b) . Using reciprocal grafting in P. cathayana, Han et al. (2013) elegantly showed that roots and shoots have specific roles in sex-related drought responses. Plants with male roots were found to be more drought stress resistant than those with female roots, while plants with female shoots grew better than those with male shoots under well-watered conditions. Again, males appeared to be better adapted than females to xeric conditions; but in this case a specific root effect was demonstrated. Sex expression in reproductive shoots affects the physiology-not only of leaves from the same shootsbut also of leaves from non-reproductive shoots and most strikingly, even of roots. This phenomenon is indicative of the biological significance of intra-shoot, inter-shoot, shootto-root, and root-to-shoot communication in dioecious plants (Fig. 2) . Sectoriality is another important trait that affects vegetative growth, reproductive output, and plant responses to biotic and abiotic stressors. Aboveground and belowground growth and development require the bidirectional transport of resources within a plant. Not only are sugars transported from aboveground to belowground organs via the phloem, with water and nutrients moving in the opposite direction via the xylem, but most importantly signals such as hormones are transported in both directions. Interestingly, studies have shown that vascular architecture generally restricts transport to specific subunits, known as integrated physiological units (IPUs; Watson and Casper, 1984) . This restricted transport within IPUs is referred as sectoriality and should be carefully considered in studies of sexual dimorphism in plants.
Conclusions and prospects
Although dioecious plants usually show sex-related differences in reproductive effort, this does not always lead to differences in vegetative growth and stress tolerance. General conclusions are not possible on sex-related effects in stress tolerance in plants. It has been shown in studies performed during the last decade that females outperform males in abiotic stress responses in study cases of six trees (most of them of the genus Populus), three shrubs, and one herb; while males outperform females in two trees and three herbs (Table 1) . Furthermore, it has been shown that females outperform males in biotic stress responses in study cases of three trees and two shrubs; while males outperform females in three trees (in this case all palm trees of the same genus), one herb and one grass (Table 2) . When sex-related differences do occur, they seem therefore to be species-specific (not necessarily life-growth form specific), with a greater stress tolerance in females than in males in some species, but better tolerance by males than females in others. The causes of such sex-related species-specific differences are still poorly understood, but may be related to specific life-history traits and adaptations of the species to their natural habitat. Unfortunately, we are still far from unravelling the physiological basis of sex-related differences in vegetative growth and stress tolerance except (A) Sex-related differences in reproductive effort in dioecious plants affect vegetative growth, reproductive fitness, and stress tolerance, which are strongly interconnected and, in turn, determined by life history traits, causing secondary sexual dimorphism. Under adverse conditions, sex-related differences in stress tolerance are not only affected by sex-related differences in resource allocation to vegetative growth and reproduction, but also by environmental conditions, plant phenology, and modularity. Furthermore, sectoriality could also differentially affect the response of male and female plants to environmental stresses, an aspect that warrants further investigation. (B) Modularity plays a role determining plant response to environmental stresses. Different modules (growth units, such as reproductive shoots, non-reproductive shoots, and roots) are competing for resources, but at the same time helping each other and interconnected though signals travelling via the xylem and the phloem, to respond to environmental stresses in an integrated and efficient way. The outcome of results obtained in studies of sexual dimorphism in plants can strongly depend on the type of module used in experiments.
in a very limited number of species. Inclusion of physiological parameters in future studies of dimorphic species will undoubtedly help us to determine the mechanisms and strategies that different sexes have adopted to cope with environmental constraints.
It is essential that we greatly increase the range of plant species studied in the near future to be able to draw clear conclusions about the effects of dimorphism on plant stress tolerance. As more studies are conducted focused on sexual dimorphism in dioecious plants, more we come to the conclusion that it is not possible to draw an unequivocal generalization of the effects of sexual dimorphism on the physiology of plants. The plant species, type of measurements chosen in every experiment, environmental conditions, and timing of measurements may account for the differences observed in various studies.
Furthermore, it will be essential to consider the importance of modularity and sectoriality in functional studies aimed at determining sex-related differences in vegetative growth, stress tolerance, and reproduction in dimorphic species. In our opinion, the consideration of modularity in studies of sexual dimorphism studies will undoubtedly contribute to a better understanding of the physiology of these species. Future studies of the ecophysiology of dimorphic species should include analysis of different modules-including both reproductive and non-reproductive shoots-and when possible consider the importance of sectoriality, which has been largely ignored so far.
Long-term studies that use both ecological and functional (including some of the different -omics fields now available) approaches appear to be very promising and will undoubtedly provide new clues that will enhance our understanding of the ecophysiology of dioecious plants. However, it is essential that each species is considered separately as a unique case study, while at the same time it is imperative to increase the variety of species studied, so that large new datasets will become accessible and it will be possible to perform comparative studies in the near future.
